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Abstract: The work is aimed at solving the problem of converting existing diesel power drives to 
gas fuels, which are cheaper and more environmentally friendly alternatives to diesel fuel. Method 
of energy efficiency increasing of alternative fuels has been improved. Thermochemical essence of 
energy increasing of source fuel based on the provisions of thermodynamics is considered. 
Alternative methanol fuel has been chosen as initial product for conversion process and its cost, 
energy value, and temperature conditions have been taken into account. Calculations showed that 
the thermal effect from combustion of the converted mixture of CO and Hz exceeds the effect from 
combustion of the same amount of non-convertible methanol. Fuel energy and engine power were 
increased due to thermochemical regeneration of exhaust gas heat. An experimental setup was 
created to study the operation of a converted diesel engine on methanol conversion products. 
Experimental studies of power, economic, and environmental parameters of converted diesel 
engine for methanol conversion products were performed. Experimental studies have shown that 
conversion of diesel engines to work using methanol conversion products is technically reasonable. 
Fuel consumption reduction was accompanied by environmental performance improvement of the 
diesel engine working together with a thermochemical methanol conversion reactor. Formation of 
nitrogen oxides in the exhaust gases decreased in the range of 22-35%, and carbon monoxide 
occurred in the range of 0-24% according to the crankshaft speed and loading on the engine. 
Conversion of diesel engines for methanol conversion products is very profitable, because the price 
of methanol is, on average, 10-20% of the cost of diesel fuel. 


Keywords: diesel engine; nitrogen oxides; alternative fuel; methanol conversion; exhaust gases; heat 


utilization 


1. Introduction 


A significant part of automobiles and other types of transport use internal 
combustion engines with diesel power systems. This reason requires high fuel 
consumption of expensive diesel fuel with very significant parameters of exhaust gas 
toxicity; therefore, it is obvious the feasibility of switching to cheaper and more 
environmentally friendly alternative fuels [1]. Diesel engines have a long resource and 
there is no doubt that even after the complete cessation of the production of new diesel 
engines, the already produced diesel engines will be in operation for a long time. 
Therefore, the problem of converting existing diesel power drives to gas fuels, which are 
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a cheaper and more environmentally friendly alternative to diesel fuel, deserves special 
attention [2]. 

Conversion of diesel engines to gas motor fuel is possible according to different 
schemes [3]. In general, the diesel engine can be converted to gas-diesel or monogas 


modes (Figure 1). 
Conversion of a diesel engine to gas motor fuel 


Liquified propane- butane mixture 
Compressed natural gas Liquified natural gas 


Figure 1. Directions of conversion of diesel engines to gas. 


Technology of converting diesel engines to gas-diesel mode is already well-known 
and well-established at present, when both gas and diesel fuel supplies are used at the 
same time. In this case, an incendiary dose of diesel fuel is supplied to the gas fuel and it 
is positioned by the manufacturers of gas—diesel systems in the range of 25-40%, and in 
real operating conditions reaches 50%. This technology, along with certain advantages, 
has many disadvantages [4]; one of the main ones is the necessity to supply diesel fuel, 
but it impairs economic feasibility of conversion. 

The second, less tested variant of converting diesel engines to gas motor fuel is a 
purely gas or monogas mode, where the converted diesel engines are additionally 
equipped with spark ignition systems. It is obvious that the supply of only pure gas or 
monogas mode is a more profitable alternative to the gas-diesel mode, given the absence 
of necessity to supply expensive diesel fuel. Diesel engine according to its design can be 
converted to work with gas cylinder equipment on both methane (compressed or 
liquefied) and propane-butane [5]. 

The economic advantages of converting diesel power drives of motor transport to 
monogas mode are related to the following [6]: 


e monogas fuel is significantly cheaper than diesel fuel, and diesel fuel is not supplied 
at all; 

e resource of cylinder—piston group of convertible engines, due to smoother increase 
in combustion pressures, increases by 1.3-1.5 times; 

e frequency of replacement of motor oils and oil filters of monogas engines is 
approximately doubled, due to the reduction of carbon formation, the absence of 
process of washing the oil film, and reducing vacuum of engine oil; 


Therefore, the conversion of diesel power drives of motor vehicles to monogas 
engines in terms of reducing the cost of fuel and lubricants and overhaul of engines is an 
urgent task. 

Creation of monogas engines by the world’s leading manufacturers of automobile 
engines and cars, which are already widely used in road transport, testifies to the 
significant prospects of converting diesel engines into gas with spark ignition [7]. 
Moreover, conversion of diesel engines is carried out both on liquefied propane-butane 
mixture and on compressed or liquefied natural gas. Well-known world concerns such as 
Frightliner, Sammins, Volvo, MAN, Mercedes, Scania, Iveco, and others are working in 
this direction, and they have already developed spark-ignition gas engines for commercial 
vehicles based on existing diesel engines. 
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Study of foreign and domestic developments experience shows that diesel engines, 
which are converted into gas, have high traction-dynamic and economic characteristics, 
and, according to environmental safety parameters, they are significantly superior to basic 
diesel engines [8]. 

Diesel engine conversion to monogas one requires major changes in the design of the 
base diesel [9], in contrast to the conversion of gasoline engines. Ignition of fuel in diesel 
engine is carried out by heating from compression, therefore standard diesel engine 
cannot work on gaseous fuel, as gas motor fuel has a significantly higher ignition 
temperature in comparison to diesel fuel (for example, diesel fuel: 300-330 °C, propane: 
466 °C), but it cannot be achieved with compression ratios used in diesel engines. 

The second reason why a diesel engine will not be able to work on gas fuel is the 
phenomenon of detonation—it is an explosive combustion of fuel, which occurs at a high 
degree of compression. For diesel engines, degree of compression of the fuel—air mixture 
ranges from 14 to 22 and for a gas engine must have a degree of compression from 12 to 
13 [10]. 

It should be noted that reduction of compression degree in converted into gas diesel 
engines is performed, as a rule, by boring the combustion chamber in the piston of the 
base diesel. However, experimental studies show that even minor changes in the shape of 
the combustion chambers in the pistons lead to significant changes in the processes of 
heat, mass, and gas exchange and combustion [11]. Therefore, optimization of the 
combustion chamber of a convertible engine requires serious calculation and 
experimental work to ensure high power, economic and environmental parameters of the 
engine. 

In general, to convert diesel engines to gas fuel the following must be performed: to 
install gas cylinder equipment; to reduce the compression ratio of the base diesel engine; 
to assemble the ignition system; to configure the engine management system. It should be 
noted it is necessary to answer many questions of scientific, technical and commercial 
nature because there is only initial experience in conversion of diesel engines into alcohol 
ones [12,13]. 

It is necessary to choose the type of gaseous fuel taking into account conversion of 
chemical fuel energy into work. Conversion of chemical energy of any type of fuels into 
work in internal combustion engines is carried out in two stages: at the first stage, it is 
converted into heat; in the second stage, the heat is realized in work. There are the basic 
losses of fuel energy during these transformations. The efficiency of the internal 
combustion engine can be significantly increased by taking into account of such losses 
[14]. 

It is necessary to reduce losses of chemical energy of fuel in internal combustion 
engines at both stages of the transformation to increase efficiency of its usage. In existent 
engine construction, mainly different methods are used to reduce energy loss of fuel 
efficiency in the second stage of energy conversion [15]. 

In modern engines, temperature level of the working fluid is such one that its further 
increase causes a serious problem of providing the required thermal strength [16]. 
Therefore, increasing fuel efficiency in a heat engine by increasing the upper 
thermodynamic temperature of the working fluid in the cycle depends on the possibility 
of further increasing the heat resistance and heat resistance of structural materials of 
engine parts. These possibilities for most traditional materials are almost exhausted, it 
becomes obvious that this method becomes unpromising. 

According to these conditions, it is advisable to develop a method to reduce 
irreversible losses in the first stage of conversion of chemical energy of fuel into heat. 
Moreover, implementation of this method should not be associated with an increase in 
the temperature level of the working fluid. In the case of internal combustion engines to 
ensure the preliminary endothermic stage of conversion as a starting convertible product, 
it is advisable to use such types of alternative fuels that have a conversion temperature 
below the average temperature of the exhaust gases [17]. Such fuels may include lower 
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alcohols, alkanes, and simple ethers [18]. The choice of alternative fuel as a product for the 
conversion process is a compromise that takes into account the temperature conditions of 
the process, its energy value, formed during the processing of gases, and their cost [19,20]. 

The most promising product for organization of conversion in the first place should 
include methyl alcohol (methanol) that, in world practice, has long been used as a cheap 
substitute for expensive traditional motor fuels (Table 1). For comparison, the average cost 
of diesel fuel in Europe [21] ranges from 1-1.6 Euro/liter (1.15-1.9 Euro/kg). 


Table 1. Conversion temperature Tc and cost of the main alternative fuels that can be used in in- 
ternal combustion engines. 


Type of Fuel Methane Octane Propane Ethanol Methanol 
Cost (Euro/kg) 0.05-0.1 0.55-0.8 0.4-0.75 0.2-0.3 0.15-0.25 
Conversion temperature (K) 1000 1000 700 600 570 


From an economic point of view, it is advisable to use methanol as an alternative fuel 
for a diesel engine [22]. It should be pointed that methanol can be obtained from renewa- 
ble sources too. There is a large raw material base to increase its production and much 
wider using as an energy source. Methanol is widely used in chemical industry and its 
considerable volumes are used in production of fuels for automobile motor vehicles [23]. 
Usage of this alcohol as an alternative biofuel for vehicles is possible as a result of its pro- 
duction in affordable and cheap ways from agricultural and food waste, from gaseous 
fuel. However, one of the most important reasons for the using of methanol is to reduce 
emissions of toxic components from the exhaust gases of automobile transport [24]. Cur- 
rently, the main consumer of methanol is chemical industry. Methyl alcohol with its sim- 
pler structure and small molecule size is one of the determining factors for a “cleaner” 
combustion of fuel [25]. 

In comparison to other alternative fuels, the cost of methyl alcohol is rather low, and 
in addition, usage of methanol as a fuel for diesel engines can significantly reduce emis- 
sions of soot particles and nitrogen oxides. This is due to the fact that the combustion of 
methanol in the diesel cylinder does not form intermediates that promote the formation 
of acetylene and aromatic hydrocarbons, which lead to the formation of soot [26]. 

Methanol has a high octane number and a low level of fire hazard. It is poorly soluble 
in petroleum fuels. Temperature of exhaust gases of the engines working on a methanol 
mixture is 30-70 °C lower than the basic internal combustion engines [27]. Usage of lique- 
fied methanol as a fuel is accompanied by increased wear of the cylinder—piston group 
caused by the ingress of its droplets on the walls of the cylinder and the destruction of the 
oil film. 


2. Materials and Methods 
2.1. Fundamentals 


Thermo-chemical essentiality of the energy increasing of initial fuel represents the 
basic provisions of thermodynamics, in particular, Hess’s law. It will be shown on the 
basis of analysis of thermal effects from combustion of methanol, which is based on two 
methods. According to the first and the second methods of methanol oxidation, the initial 
and final state of the system are the same: initial—1 kmol CH30OH, final—2 kmol H2O and 
1 kmol COz. 

According to the first method, methanol is burned directly in the combustion cham- 
ber of an internal combustion engine 


CH 30H +3/20)7 ~ 2H,»0+CO7+Q0nV (1) 


where: Qm— exothermic thermal effect from the combustion of methanol—air mixture, and 
Om = 629,440 kJ [3]. 
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As a result of reaction (1) by the first method, 3 kmol of combustion products are 
formed. 

According to the second two-stage method of methanol conversion, alcohol decom- 
posed at first 


CH 30H > 2H,+CO-Q, (2) 


It produces 2 kmol H2 and 1 kmol CO with endothermic heat conversion Qc. 
Then, burn in oxygen 3 kmol obtained by the reaction (2) of conversion products of 


methanol: 
2H, +0, > 2H,O+481500 kJ (3) 
CO +1/20, > CO, + 282600 kJ, (4) 
Total thermal effect: 
QO, = 282600 + 481500 = 764100 kJ /kmol (5) 


Thermal effects for reactions (3-4) are given according to the data [28]. Then, accord- 
ing to Hess’s law total thermal effects for different routes of methanol oxidation must co- 
incide: 


629440 kJ /kmol =—Q, + 764100 kJ /kmol (6) 


Hence, the endothermic thermal effect of the conversion (methanol dissociation re- 
action) will be Qc = 134,660 kJ/kmol. 

Therefore, the calculation showed that thermal effect from combustion of the con- 
verted mixture of CO and H2 exceeds the effect from the combustion of the same amount 
of non-convertible methanol (source fuel) by Qc = 134,660 kJ/kmol (i.e., 21.4%), and it cor- 
responds to the decomposition of alcohol energy. 

The efficiency 7 of this conversion, which is estimated by the thermal efficiency coef- 
ficient of the cycle, depends on the ratio of the average removal temperatures T, (lower 


temperature) and supply T, (upper temperature) of heat in the cycle [29]: 


=A=% 7) 
ib / 

i.e., the higher the average heat transfers temperature at the considered level of heat re- 
moval temperature, the higher the thermal efficiency coefficient of the cycle. 

It can be argued that implementation of such method is a priori possible only in pres- 
ence of alternative fuels combustion of which at the same temperature would be accom- 
panied by different levels of irreversible losses. Such fuels can be converted into new (ar- 
tificial) fuels with higher energy potential by thermochemical transformations. Conver- 
sion of chemical energy of such artificial fuel into heat is accompanied by less irreversible 
losses. 

This method of transferring chemical energy is developed on fundamental principles 
of thermochemistry and can be applied to any type of power plant. The proposed method 
provides for the necessity to organize the endothermic process of fuel conversion, which 
is based on the cycle of its thermochemical conversion, and on the operating cycle of the 
power plant provides for another process. If in a conventional power plant, the chemical 
energy of the fuel is converted into heat in one stage, then in the proposed method —in 
two. 

In the first stage, the initial fuel is converted, and in the second one, the converted 
fuel is burned at a higher energy level. Two stages of energy conversion in the process of 
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which the heat removed from the cycle is used allow to increase the energy efficiency of 
the initial fuel. In common case, efficiency of thermochemical regeneration depends on 
the type of power plant, method, and conditions of organization of working process, as 
well as the type of fuel, and endothermic effect of the reaction system of its conversion. 

It should be noted that conversion products of traditional petroleum fuels obtained 
in a thermochemical reactor based on mechanism of exothermic reactions of incomplete 
oxidation of hydrocarbons have a lower heat of combustion in comparison to the initial 
fuel and this fact eliminates the effect of regeneration [30]. 

Let us calculate the combustion heat increasing of conversion products for liquefied 
methanol. Combustion heat of gaseous products of methanol conversion Hu.p.m= 23,870 
kJ/kg [31]. The heat of combustion of methanol Hu.m= 19,670 kJ/kg (Table 2). 


Table 2. Comparative characteristics of the combustion heat of methanol and diesel fuel. 


Diesel Fuel Methanol Converted Methanol 


Parameter 
Bip Bins Ay px 
Absolute combustion heat (kJ/kg) 42,500 19,700 23,870 
Relative combustion heat (%) 100 46.35 56.17 


Thus, combustion in the engine of 1 kg of methanol conversion products obtained 
from the same mass of liquid methanol releases additional heat energy Hu.caccumulated 
during conversion of alcohol fuel. 


Ay co = Ay py — Ay .y =4200 KS /kg, (8) 


Therefore, 21.4% of initial fuel energy is returned to the operating cycle of internal 
combustion engines for useful work. 

This energy is obtained from utilization of thermal energy of exhaust gases during 
endothermic conversion in conditions of real operation of the internal combustion engine. 
According to external heat balance of the internal combustion engine, a significant part of 
chemical energy is not realized in the form of work and it is discharged into the surround- 
ing space with exhaust gases too. In diesel engines, the component of energy losses in the 
heat balance reaches 25-40% [32]; in gasoline and gas engines, the part of irreversible heat 
loss lost from the engine with exhaust gases is 30-45%. This corresponds to 13-22 MJ of 
heat per 1 kg of consumed fuel. 

Heat must be extracted from the exhaust manifold for ensuring the conversion pro- 
cess, where the temperature of the engine parts reaches from 700-800 K at idling speed to 
1100-1200 K at maximum loads [33]. Even taking into account the heat loss during trans- 
ferring of energy from the engine to the working body, it is absolutely easy to achieve the 
conversion temperature of methanol to Tm=570 K. 

From the above, it follows that usage of pre-chemical conversion systems of alterna- 
tive fuels can increase efficiency of its using in internal combustion engines by regenerat- 
ing exhaust gases heat. For example, the thermodynamic cycle (Otto cycle) for diesel en- 
eines converted to gas with forced spark ignition with heat recovery can be represented 
by a T-S diagram (Figure 2). 
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Figure 2. Thermodynamic cycle for diesel engines converted to gaseous products of methanol con- 
version with heat regeneration. Si-c-z-Ss - the supplied heat Qs; Si1-a-b-S3 - the waste heat Q,,; S2-m- 


b-Ss - the heat conversion suitable for regeneration Qc. 


In the diagram, heat suitable for regeneration in the cycle is expressed as part of the 
waste heat Qu, i.e., the degree of regeneration 1p is equal to [34]: 


O 


0 
W 


(9) 


where Qw is the waste heat removed per cycle. 
Heat quantity removed per cycle Qw (Figure 2) is determined from the expression 


Oy, =M,,..-C,,(T, -T, ), (10) 


where Mpr.c is the number of combustion products at a constant volume; Cw is the average 
molar heat capacity of combustion products at constant volume. 

Endothermic heat conversion quantity Qc is determined from (8) and from the ex- 
pression 


O. =M prc. Cy (Th ey, (11) 
In other words, the regeneration degree mp depends on the conversion process tem- 
perature T’, and it increases with decreasing of Tin and it can be determined from the ex- 


pression: 


a sa) sea 
. Ip —Lq 


Obviously, these requirements for the exhaust gases temperature level of the engine 
may not be met in all ranges of operation modes of internal combustion engines. For ex- 
ample, for an engine not warmed up to operating temperature, the regeneration of the 
conversion process degree will be reduced [35]. However, it should be noted that operat- 
ing time of the engine in warm-up mode is quite short. 

In addition, it should be noted that modern catalysts allow to implement the conver- 
sion of alternative fuels at lower operating temperatures. For example, for methanol it is 
300-400 °C [36] and this fact determines the minimum possible temperature regime for 
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organization the conversion process of exhaust gases in internal combustion engines. 
Therefore, we can talk about the possibility of almost constant conversion process in in- 
ternal combustion engines due to heat recovery of exhaust gases for today. 

Let us compare possibilities of energy conversion in two energetically similar internal 
combustion engines to analyze the possibility of efficiency increasing of chemical energy 
usage of fuel. The first one works according to the ordinary scheme, the second, using 
thermochemical regeneration in two stages. The required thermal mode of fuel conversion 
is provided by supplying heat to the exhaust gases. 

The first engine works as follows. The initial fuel at the environment parameters en- 
ters to engine, where it burns with heat emitting Qu= Nu. This heat is transferred to the 
working medium. Let us approximate that heat transfer occurs at an average temperature 
Ta1. Exhaust gases are discharged into the atmosphere after the cycle. To simplify the 
analysis, we assume that heat dissipation occurs at an average temperature Ta. 

Then, the work Lm performed by the engine can be determined as follows 


y eee & 











i = Hew “Tr. av2 (13) 
The efficiency 7 of chemical energy using for fuel is equal to: 
ee ae 
as ™ 


Dependence (14) determines the efficiency coefficient of the thermal power plant, 
which is equal to the ratio of quantity of energy converted into work to the whole energy 
received into the thermal power plant. Efficiency coefficient of this idealized plant coin- 
cides with the thermal efficiency coefficient of the cycle. This indicates that in an engine 
without thermochemical regeneration the energy efficiency of fuel depends entirely on 
the conversion of heat into work and cannot exceed the efficiency of conversion of the 
latter one. 

The second engine works with thermochemical regeneration of exhaust gas heat. Un- 
like the first engine, fuel enters the combustion chamber not immediately but pre-under- 
goes the stage of thermochemical processing in a thermochemical reactor. There is ther- 
mochemical conversion of the initial fuel into convertible in the reactor with the help of 
the heat coming at the average lower temperature Ta2, and it goes to the combustion 
chamber of the engine. Assuming that the heat exchange in this engine is carried out sim- 
ilarly to the first option, the working body of the second engine with a thermochemical 
reactor must receive heat even at medium temperature Ti1. 

Then, in this case, the heat taken by the working body Hup.mexceeds the combustion 
heat Hu.mof initial fuel by the quantity Hu.cthat was absorbed during the thermochemical 
conversion of the source fuel in the thermochemical reactor and is accordingly equal to: 


Aly py = Aly y on Ay (15) 


We will assume that the engine with a thermochemical reactor converts the heat per- 
ceived by the working body with the same efficiency as the engine without a thermochem- 
ical reactor, i.e., the thermal efficiency coefficient of both units is the same. Then, the work 
Lp.m that the engine with a thermochemical reactor can do will be equal to: 


hg SL: 
Posies (og a Hoe) “7 — (16) 


avl 





Then, the efficiency 1n.m of fuel energy in the engine containing the unit of thermo- 
chemical heat regeneration will be determined from the expression: 
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Let us analyze the efficiency of fuel energy usage in an engine containing the ther- 
mochemical regeneration unit and working on methanol in comparison to the ordinary 
engine. Let us take the average upper temperature of the cycle Ta1 = 2000 K, and the lower 
average one— Tw2= 1200 K. Then, according to dependence (14), we have the thermal effi- 
ciency coefficient of an ordinary engine 7m = 40%. As shown above, the heat of combustion 
of methanol Hum is 19,670 kJ/kg. The heat of combustion of gaseous products of methanol 
conversion Hup.mis 23,870 kJ/kg. Then, for an engine with thermochemical regeneration, 
its thermal efficiency coefficient 7), ,, will exceed the thermal efficiency coefficient jm of 


the first engine in by (23,870/19,670) = 1.214 times, i.e., for an engine with thermochemical 
regeneration, its thermal efficiency coefficient will be equal to np.m= 48.5%. 

From the above analysis, it follows that the irreversible external losses of fuel chem- 
ical energy conversion into heat in case of using the method of thermochemical heat re- 
generation of exhaust gases are always less than corresponding losses in direct combus- 
tion of fuel without prior thermochemical processing. Moreover, the reduction of irre- 
versible losses is adequate to the energy that must be spent to compensate for the total 
thermal endothermic effect of conversion reactions of initial fuel. 

The theoretical foundations of such power supply systems for internal combustion 
engines in modern research practice remain poorly understood [17,37—39]. However, they 
are of significant interest in terms of assessing the potential applications of thermochemi- 
cal regeneration engines in power supply systems and improving the energy efficiency of 
alternative fuels, in particular for existing diesel engines that will be converted to gas. 

The implementation of a thermochemical method of heat utilization for the operating 
cycle conditions of internal combustion engines with spark ignition is possible if initial 
fuel is hydrocarbon compounds with a relatively low temperature of conversion reactions 
(alcohols, ethers and similar compounds). Gaseous conversion products can be used as 
the main fuel to power the gas engine [5]. It is important to be able to implement this 
method in power supply systems of diesel engines that are converted to gaseous fuels 
[40]. 

Let us analyze the conditions for achieving the maximum possible degree of regen- 
eration. The conditions for achieving the maximum possible degree of regeneration are 
implemented when the endothermic effect of the conversion reaction corresponds to the 
supply of an equivalent quantity of heat to the reaction space from an external source — 
heating coolant and it acts exhaust gases heat of the engine and may be the heat of the 
cooling system [41]. 

In real conditions, the conversion process in the exhaust system of the internal com- 
bustion engine coolant (exhaust gases and coolant) must have a potentially higher level 
of energy, which is used not only to compensate for the endothermic effect of the conver- 
sion reaction, but also to organize its auxiliary cycles [42]. Energy is required to preheat 
the source fuel to the boiling point, its evaporation, increase the vapor temperature to the 
dissociation temperature, compensate for heat loss to the environment through the walls 
of the reactor, and supply pipelines. 

For example, the total heat consumption for a fully completed conversion of 1 kg of 
methanol reaches 7 MJ [43]. At the same time, to compensate for endothermic effect, the 
alcohol conversion spent is about 60% of total energy losses. A significant part of them 
(about 25%) is spent on the energy-intensive process of vaporization (heat of evaporation 
of methanol 1.1 MJ/kg). That means that the maximum possible degree of regeneration is 
achieved when the thermal energy of the coolant exceeds the total energy required for the 
conversion process. 
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2.2. Equipment Used 
The aim of experimental studies is using methanol conversion products in alternative 
fuel mixtures in existing diesel engines to save petroleum motor fuel and improve their 


environmental performance. 

Evaluation of effectiveness of the thermochemical method of heat utilization in the 
operating cycle of the diesel type D21A was performed in the laboratory on a motor stand. 
A brief technical description of the experimental diesel engine D21A1 is shown in Table 3. 


Table 3. Brief technical characteristics of the experimental diesel engine D21A1. 


The Name of the Engine Parameters Unit Meaning 
Type of diesel engine - 2-cylinder, 4-stroke, air-cooled 
Diesel engine displacement L 2.08 


ke 280 
Direct injection of diesel fuel 


Diesel engine weight 

The method of mixing - 
Rated engine power kW 18.4 
Efficient specific fuel consumption o/kWh 248 
Crankshaft speed at rated power rpm 1800 
Crankshaft speed at idling speed rpm 800 


A scheme of the experimental stand based on the diesel engine D21A1 for research 
of indicators of its work to products of methanol conversion is shown in Figure 3. 


Thermal insulation Thermochemical reactor Neutralizer 


Methanol Exhaust pipe 













Methanol conversion 
products 


TT 
pump eect pall Gaseous coolant 
regulator reducer heater 









Methanol 


& Fa ————— injector 
(I 
Tank with Air 
methanol = 








Tank with 
antifreeze 





Figure 3. Scheme of the experimental stand based on the diesel engine D21A1 for study parame- 
ters of its work of methanol conversion products. 


To ensure cold start of the engine, operating in the mode of methanol conversion 
products, in front of the gas reducer was assembled liquid coolant heater Webasto Thermo 
Top C (5 kW). The liquid coolant heater was turned off when the exhaust gases reached 
temperature of 300 °C. The thermocatalytic methanol conversion reactor was installed in the 
diesel exhaust system in the immediate vicinity of the exhaust manifold (Figure 4). 
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Figure 4. Appearance of the experimental stand based on the diesel engine D21A1 for the study of 
parameters on alternative fuel mixtures. 1—thermochemical reactor; 2—loading device of the in- 
ternal combustion engine; 3—D21A1 diesel engine; 4— gas reducer. 


Fuel-air mixture was ignited using an electronic ignition system of our own design. 
The developed original electronic ignition system consists of a control unit 1 (Figure 5), 
which changes the angle of ignition advance depending on the mode of operation of the 
engine. 





Figure 5. Ignition system of the converted diesel engine D21A1: 1— electronic control unit; 2— 
commutator; 3—ignition module; 4—starter; 5— high-voltage wires; 6—spark plugs; 7—sensor of 
crankshaft position. 


The D21A1 diesel engine was converted to work on an alternative gas mixture. For 
this reason, diesel injectors were dismantled from the unit heads, additional threads were 
cut in the injector spray channels, and spark plugs were installed. The diesel engine 
D21A1 with the dismantled heads of the block is shown in Figure 6. 
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Figure 6. D21A1 diesel engine with dismantled unit heads. 


Design of the engine head is redesigned in such a way that, instead of spark plugs, 
one can easily screw back the diesel injectors. Such conversion of experimental engine 
allows switching to diesel or methanol fuel during 10 min by replacement of diesel injec- 
tors to spark plugs. Conversion from diesel fuel to gas heads of the engine block D21A1 
is shown in Figure 7. 





(a) (b) 
Figure 7. Conversion from diesel to gas fuel heads of the unit. View from the timing valves (a) and the combustion chamber 


(b) 1—the head of the block before re-equipment with the established diesel injector; 2—the head of the block after re- 
equipment with the dismantled injector and the established spark plug; 3—spark plug; 4—diesel injector. 


2.3. Testing Methodology 


The experimental stand engine could work in three modes: supply of diesel fuel in 
the liquefied phase through the injectors; supply of methanol conversion products 
through a gas reducer; and supply of methanol in the liquefied phase through the injec- 
tors. Methanol was supplied from the fuel tank by an electric fuel pump through the fuel 
pressure regulator. The fuel pressure regulator provides supply of methanol at pressure 
of 0.5 MPa to compensate relatively low heat of methanol combustion and increase its 
supply. Throttle pipe with a throttle valve was mounted on the engine to ensure regula- 
tion of the methanol—air mixture. Methanol is heated to get conversion products by ex- 
haust gases or liquid coolant heater during cold engine start-up and warm-up. 

During the research, the engine worked with a full load at engine speeds of 800, 900, 
1000, 1100, 1200, 1300, 1400, 1500, 1600, 1700, and 1800 min“. The measurements were 
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carried out according to the methods developed on the basis of GOST 14846-91 on the 
stationary operation modes of the engine. The preliminary determination of amount of 
toxic components in exhaust gases was carried out using the gas analyzer Autotest 02.03P 
by direct measurement. Graphing and final determination of the amount of toxic compo- 
nents in exhaust gases was carried out with the NeoCHROM Class C gas chromatograph. 
Exhaust gas samplers were installed at a distance of 1 m from the outlet from the exhaust 
system. Measurement of the amount of toxic components in exhaust gases was carried out 
by taking samples into sampling bags. An adsorption type infrared non-dispersive detec- 
tor was used for the analysis of carbon oxides. A heated flame ionization detector was 
used for hydrocarbon analysis. A chemiluminescence detector was used to analyze nitro- 
gen oxides. The air/methanol ratio was: 6.45 kg of air/1 kg of methanol when measuring 
of toxic components in exhaust gases. The air/methanol ratio when measuring the power 
was: 6.45 kg of air/1 kg of methanol and 14.3 kg of air/1 kg of methanol (in comparison). 
Tanks with methanol and diesel fuel were placed on electronic scales and the mass of 
consumed fuel was determined using electronic scales. The weight of air on the inlet was 
calculated on the measured volume, temperature, and pressure of air. 

The purpose of experimental research was to compare the main power, fuel-eco- 
nomic, and environmental characteristics of the converted diesel engine during its opera- 
tion on diesel fuel and methanol conversion products. Experimental studies were per- 
formed on the motor stand of the D21A1 engine to evaluate the energy-saving effect. 


3. Results and Discussion 


Experimental dependences of external speed characteristics of the diesel engine 
D21A1 fuelled with diesel fuel, methanol fuel, and methanol conversion products are 
shown in Figure 8. It was found, analyzing experimental power values, that at nominal 
speed (n = 1800 min‘), the effective power N for diesel fuel was 18.1 kW, but for the prod- 
ucts of methanol conversion, it was equal 10.1 kW (1 kg of methanol/14.3 kg of air). On 
average, the value of the effective power N of the engine in the entire frequency range of 
the crankshaft in comparison to diesel fuel working on methanol conversion products (1 
kg of methanol/14.3 kg of air) decreased by 45%. 
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Figure 8. Experimental dependences of the effective power N on the engine crankshaft speed n for 
different motor fuels. 
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It was found, analyzing experimental power values, that at nominal speed (n = 1800 
min‘), the effective power N for methanol fuel (1 kg of methanol/6.45 kg of air) was 17.1 
kW, but on the products of methanol conversion (1 kg of methanol/6.45 kg of air), it was 
equal to 21.2 kW (1 kg of methanol/6.45 ke of air). On average, the value of the effective 
power N of the engine in the entire frequency range of the crankshaft in comparison to 
diesel fuel working on methanol fuel (1 kg of methanol/6.45 kg of air) decreased by 5%; 
for methanol conversion products (1 kg of methanol/6.45 kg of air), it increased by 14%. 

The experimental dependences of specific fuel consumption ge on the crankshaft 
speed n of the diesel engine D21A1 fuelled with diesel fuel, methanol fuel, and methanol 
conversion products are shown in Figure 9. It was found, analyzing the experimental 
power values, that for diesel fuel, a minimum specific fuel consumption at 1200 min was 
212 g/kWh and 248 g/kWh at nominal speed n = 1800 mirr'. In case of engine fuelled with 
the methanol conversion products, the minimum value of specific fuel consumption was 
386 g/kWh and 451 g/kWh at nominal speed. Minimum specific fuel consumption was 460 
e/kWh for methanol fuel and 545 g/kWh at 1800 min‘. 
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Figure 9. Experimental dependences of specific fuel consumption on the crankshaft speed of the 
engine n for different motor fuels. 


On average, specific fuel consumption from the engine crankshaft speed in the entire 
range of the crankshaft speed in comparison to diesel fuel working on 100% of methanol 
conversion products increased by 80-84%. On average, specific fuel consumption from 
the engine crankshaft speed in entire range of the crankshaft speed in comparison to diesel 
fuel working on 100% of methanol fuel increased by 116—-120%. The specific fuel consump- 
tion of the studied fuels is very different according to Figure 9. Therefore, we will do a 
comparison of effective performance. 

The mass energy intensity (combustion heat) of methanol (19.7 MJ/kg) is 46% of the 
mass energy intensity of diesel fuel (42.5 MJ/kg). However, the combustion heats of meth- 
anol-air and diesel-air mixtures are little different in the case of their combustion in the 
engine, because, for combustion of 1 kg of methanol, it requires 6.45 kg of air, and for 
combustion 1 kg of diesel fuel, it requires 14.3 kg of air (stoichiometric ratio). Despite the 
fact of combustion of 1 kg of methanol released less heat (19.7 MJ/kg) than for combustion 
of 1 kg of diesel fuel (42.5 MJ/kg), effective performances (energy ratio per 1 kg of fuel 
mixture) are comparable. For example, the combustion heat of methanol-air mixes is 
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19.7/(1 + 6.45) = 2.64 MJ/kg. The combustion heat of diesel-air mixtures is 42.5/(1 + 14.3) = 
2.78 MJ/kg. That is 95.0% of the combustion heat of methanol—air mixture from the com- 
bustion heat of diesel-air mixture. 

For methanol conversion products, the combustion heat of methanol-air mixtures is 
23.9/(1 + 6.45) = 3.21 MJ/kg. That is 115.5% of the combustion heat of methanol-air mixture 
of methanol conversion products using the reactor from the combustion heat of diesel—air 
mixtures. 

These data suggest that methanol is not the best fuel for engines. However, additional 
analysis of the fuel energy conversion efficiency confirms that combustion of the methanol 
conversion products implies expected energetic benefits. Figure 10 clearly indicates that 
the fuel conversion efficiency calculated for the engine powered with methanol conver- 
sion products is by 20% higher in comparison to the engine fuelled with diesel fuel. 
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Figure 10. Energy conversion efficiency obtained for the engine fuelled with diesel fuel, methanol, 
and methanol conversion products. 


Analyzing the change in content of toxic components in exhaust gases during transi- 
tion from diesel to methanol conversion products (1 kg of methanol/6.45 kg of air), the 
following can be noted. There is a significant decrease in the content of nitrogen oxides in 
the entire frequency range of the crankshaft (Figure 11). Thus, at 1 = 1200 min“, the content 
of nitrogen oxides decreased from 68 ppm/kW when the engine is running on diesel fuel 
to 53 ppm/kW when the engine is running on the products of methanol conversion. That 
means that the decrease in the content of nitrogen oxides was 22%. At nominal crankshaft 
speed 1800 min“, the content of nitrogen oxides decreased from 45 ppm/kW when the 
engine is running on diesel fuel to 29 ppm/kW when the engine is running on the products 
of methanol conversion. That means that the decrease in the content of nitrogen oxides 
was 35%. The decrease in the content of nitrogen oxides during the operation of the engine 
on diesel fuel in comparison with the operation of the engine on the products of methanol 
conversion is explained by lower heat dissipation rates and less increase in combustion 
pressure in the engine. 
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Figure 11. Experimental dependences of the content of nitrogen oxides in exhaust gases on the 
crankshaft speed of the engine n for different motor fuels. 


There is a significant decrease in the content of carbon monoxide in the entire fre- 
quency range of the crankshaft (Figure 12). Thus, at n = 1200 min“, the content of carbon 
monoxide decreased from 0.013% per kW when the engine is running on diesel fuel to 
0.0098% per kW when the engine is running on the products of methanol conversion. Only 
at nominal speed 1800 min“, the carbon monoxide content is the same for both tested 
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Figure 12. Experimental dependences of the content of carbon monoxide in the exhaust gases on 
the crankshaft speed of the engine n for different motor fuels. 
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The hydrocarbon content increases slightly in the entire range of crankshaft speed 
(Figure 13). Thus, at n = 1200 min“, the hydrocarbon content varies from 0.0032 ppm per 
kW when the engine is running on diesel fuel to 0.0064 ppm per kW when the engine is 
running on methanol conversion products. That means that the increase in hydrocarbon 
content was 100%. At n = 1800 min“! (nominal speed), the hydrocarbon content increases 
from 0.004 ppm per kW when the engine is running on diesel fuel to 0.015 ppm per kW 
when the engine is running on methanol conversion products. That means that increasing 
in hydrocarbons was almost 4 times. 
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Figure 13. Experimental dependences of the hydrocarbon content in the exhaust gases on the 
crankshaft speed of the engine n for different motor fuels. 


There was an additional experimental study to identify factors of improving fuel 
economy of the experimental engine. In the first stage of tests using a gas-balloon supply 
system, synthesis gas was fed into the engine cylinders, which has a component compo- 
sition (volume fractions) similar to the composition of methanol conversion products: 33% 
CO and 67% Hz. 

It is obvious that, in this case, the effect of utilization of thermal energy of exhaust 
gases is not shown. In the second stage of testing, the engine worked in conjunction with 
a thermochemical reactor. The utilized energy of the exhaust gases converted into a new 
type of gaseous fuel (methanol conversion products) with higher energy parameters was 
used for additional useful work. That means that the engine worked on the scheme of the 
regenerative cycle. 

Considering the fact that, in both cases, fuel had the same component composition, 
its combustion parameters and, hence, the nature of the impact on the kinetic parameters 
of the operating cycle were identical. Therefore, the increasing of engine efficiency, which 
was observed in experimental studies, clearly corresponded to the effect of thermochem- 
ical regeneration of exhaust energy. 


4. Conclusions 


Research studies have shown that conversion of diesel engines to work using meth- 
anol conversion products is quite profitable. 

It is established that the efficiency of the engine at idling mode depends on its speed. 
On average, the specific fuel consumption from the engine crankshaft speed in the entire 
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range of the crankshaft speed compared to diesel fuel working on 100% of methanol con- 
version products increased by 82%. As the price of methanol is, on average, 10—20% of the 
cost of diesel fuel, therefore, the conversion of diesel engines for work using methanol 
conversion products is very profitable. 

Economic parameters of operating cycle at all loading modes of the engine with a 
thermochemical reactor were higher (on average by 10-14%) than it worked on methanol 
without a thermochemical reactor. Operating cycle parameters almost corresponded to 
the basic parameters of the engine during its work on liquefied methanol at low crankshaft 
speeds (from 800 to 1000 min‘), characterized by low temperature and energy levels of 
exhaust gases. The most significant increase in the fuel conversion efficiency (by 20% com- 
pared to work on liquefied methanol) was observed in the range of shaft speed 1200-1400 
min“! at an exhaust gas temperature of 400-450 °C. This is due to the fact that, in this range 
of speeds, the reactor consumed thermal energy and the energy of the coolant are almost 
the same. 

The improvement of economic parameters of the studied diesel engine with thermo- 
chemical method of heat utilization running on mixed hydrogen-containing fuel is due to 
the influence of two factors: the effect of partial utilization of exhaust gas heat and im- 
provement of kinetic combustion in the presence of hydrogen. 

Reduction of fuel consumption was accompanied by an improvement in the environ- 
mental parameters of the diesel engine, which works in conjunction with a thermochem- 
ical methanol conversion reactor. In particular, depending on the crankshaft speed and 
the load on the engine formation of nitrogen oxides in the exhaust gases decreased by 22- 
35%, carbon monoxide occurred in the range of 0-24%. 

Studies have shown that in loading modes, when the temperature of the exhaust 
gases at the inlet to the reactor exceeds 400 °C, the reactor productivity including the target 
hydrogen component reaches its highest level significantly increasing the efficiency of the 
operating cycle. 

Application of the considered method of energy utilization of exhaust gases in 
transport engines is quite promising. Its implementation does not require large financial 
investments and radical re-equipment of existing engine production due to technical sim- 
plicity. 

Any serial model of diesel engines can be used as the base engine. This applies to 
both in-service engines and new engines. The main element of the conversion system — 
thermochemical reactor—is the simplest design of the heat exchanger, the mass and di- 
mensions of which in the volume of a conventional silencer provide convenience of its 
installation in the exhaust system of the engine. 

An important stimulus for the further development of such systems is determining 
the possibility of cumulative improvement of vehicle characteristics on a set of parame- 
ters. Their implementation on vehicles allows, in particular, to utilize waste thermal en- 
ergy, improve combustion processes, improve environmental quality of vehicles, provid- 
ing the opportunity to replace traditional petroleum fuel with alternative energy from re- 
newable, including biological sources, thus helping to solve the global problem of re- 
source conservation. 
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Nomenclature 

Cv Average molar heat capacity of combustion products at constant volume 
CO Carbon monoxide 

Huc Combustion heat 

Hup Combustion heat of diesel fuel 

Hue. Combustion heat of gaseous products of methanol conversion 
Hum Combustion heat of methanol 

HC Hydrocarbons 

L Work performed 

Mpr.c Number of combustion products at a constant volume 

N Power 

NOx Nitrogen oxides 

S Entropy 

T Temperature 

QO Heat 

Q- Endothermic heat conversion quantity 

Om Exothermic thermal effect from the combustion of methanol-air mixture 
Qw Waste heat 

n Crankshaft speed 

ppm parts per million 

n Efficiency 
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